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Abstract
A variety of robot programming techniques exists ranging from constraint based over skill based programming to learning by demonstration. In
order to extend their applicability propose to join some of these approaches. We therefore combine visual CAD based programming with skill
based programming through demonstration. This constitutes the basis of the outlines strategy. We then employ human feedback through hand
gestures for incremental parameter modiﬁcation. We propose this approach in order to potentially lower times to production for new products and
allow eﬃcient use of robotics in low lot-sizes especially in the context of assembly for construction.
c© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
Classic industrial robot programming is a static process: In
order to achieve a certain motion, a set of predeﬁned positions
in Cartesian coordinates or axis angles are used for motion plan-
ning. This process creates a predictability within robot posi-
tioning but does not oﬀer the ﬂexibility that is required to deal
with high tolerances. To compensate for measurement diﬀer-
ences and product variations sensors can be used for dynamic
adaptation of positions. This approach is especially feasible in
conjunction with high product quantities. However, in order to
achieve lower changeover times and to utilize the ﬂexibility of
robotics for mass customization and the production of individ-
ualized products new methods need to be integrated. A number
of approaches were created within mobile and service robotics
which have to be able to work within unknown, dynamically
changing and seldom predictably environments. Though a wide
variety of approaches exist, the common denominator is a pro-
cess of autonomous decision making. The results of this pro-
cess can either be unpredictable, as is the case with autonomous
behavior, or hard to deﬁne and program, as is the case with state
machine based approaches.
The complexity of working with uncertainty and tolerances re-
quires a deeper knowledge in multiple areas of robotics. In or-
der to make robotics accessible to a wider range of workers this
complexity needs to be mediated. While constraint based robot
programming [1] made accessible implementation for a variety
of tasks possible it still requires detailed knowledge of control
theories and controller strategies. Constraints need to be de-
ﬁned and the resulting motion is not intuitive for people with a
less technical background.
The application of robotics in construction constitutes an ideal
and diﬃcult testing environment. Construction environments
are inherently unstructured. Due to ﬂuctuations within the work
force a number of untrained personal needs to be able to control
and manipulate robotic tasks. In most cases robots also need to
perform their tasks without separating safety measures in direct
collaboration with human workers. The Association for Robots
in Architecture works on making robotics accessible to the cre-
ative community. An approach that had signiﬁcant success was
the combination of graphical programming of parametric ge-
ometries with robotics, allowing for parametric robot control
and mass customization.
While being easy to use, this user-friendly approach focuses
on CAD based robot programming and currently does not in-
clude sensor feedback. New industrial controller systems allow
a more direct access to robot actuators and a more extensive
use of sensors. At the same time industrial robot manufactures
want to extend the use of robotics through mobile platform de-
velopment.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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Both developments need to be considered for easy-to-program
interfaces for new industrial robots. We present our ﬁrst con-
cepts and results for a new combined approach towards trans-
portable robot programming. The approach combines interac-
tive, skill based [2], constraint based [1] and parametric robot
programming [3]. Within this paper we present the considered
methodology as illustrated in ﬁgure 1 that extends the paramet-
ric robot programming. The central building block will be de-
scribed in more detail in section 6.
Fig. 1. The programming methodology.
2. Robots in the Construction Industry
The construction industry has always aspired to reach a sim-
ilar degree of automation as the automotive industry. However,
where the production lines of the automotive industry are fabri-
cating a single product with only slight variances over the entire
product’s lifetime, especially the high-end construction indus-
try deals with small lot sizes where in an extreme case a fac¸ade
structure may consist only of unique panel geometries. Cur-
rently, many building components are therefore manually ﬁt-
ted on-site by workers, especially in low-wage countries where
construction tolerances are generally accepted to be higher.
Strategies such as BIM (Building Information Modeling) [4]
attempt to control construction processes in a more eﬀective
fashion by working with intelligent objects that can be assigned
properties and parameters. Rather than drawing lines and ap-
plying hatchings to declare materials, objects such as walls are
directly placed in a 3D-environment and given parameters that
set their construction phase, material, and even costs. This re-
sults in a model theoretically capable of organizing the assem-
bly of highly complex building structures. However, in order to
communicate with the workers on-site, this complex model has
again to be broken down into printed, physical plan drawings,
which are then followed by workers with a certain amount of
autonomy. In practice, even the most well-planned construction
site is therefore an unstructured environment where the current
state of the site only loosely correlates with the building infor-
mation model’s construction phase.
Thus, the main challenges of automation in the construction
industry are the small lot sizes and the unstructured environ-
ments, coupled with the generally high complexity of modern
buildings. In order to establish robots in construction thy need
to be able to mediate the complexity and should therefore be
easily programmable for a wide variety of tasks.
3. Parametric Robot Control
Commercial software for the programming and simulation
of robotic arms such as KUKA SimPro are modeled after the
teaching by demonstration process of robotic arms. Rather than
guiding the physical robot, a digital model is placed in 3D-
space and the robot’s positions are recorded. These movement
component can then be coupled with logic components to han-
dle subprograms, loops, conditionals, etc. For many industrial
processes, such a work ﬂow is ideal as it allows an intuitive and
safe interaction with the robot. While it requires a relatively
large time-investment into the programming of more complex
cycles, the generated revenue by the mass-production of the re-
sulting element easily oﬀsets the programming costs.
Challenges only arise with smaller lot sizes, where the program-
ming makes up an increasingly large part of the costs of the ﬁ-
nal product. This is exacerbated in the construction industry,
where complex, free-formed buildings can consist of countless
individual parts. In order to cope with this complexity, we can
utilize the fact that these individual parts are often based on a
single, global topology that is then adjusted to ﬁt the local con-
ditions, e. g. a fac¸ade that uses a standardized aluminum proﬁle
system to create simple n-gons, which can vary in size, angle,
and ﬁlling material (transparent/opaque). Rather than manu-
ally drawing hundreds of individual panels, parametric design
software today allows architects and designers to create a sin-
gle, parametric model that can be dynamically ﬁtted to the local
conditions.
In previous research we have developed software tools that
allow us to directly integrate the fabrication logic into the
same parametric model that controls the geometric shape of the
model [5]. Thus, whenever a parametric object is adapted to
new local conditions, not only its geometry but also its con-
struction logic is updated, enabling the immediate robotic fab-
rication of the part as is illustrated in Figure 2.
Fig. 2. Parametric robot control through KUKA | prc: Visual programming
components (below), robot simulation with axis graph (above).
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This process was implemented in Grasshopper, a vi-
sual programming environment built upon the CAD software
Rhinoceros that is rapidly gaining popularity in the AEC ﬁelds
(Architecture, Engineering and Construction). The main advan-
tage of Grasshopper is its accessibility, modularity and visual
representation [6]: Rather than typing code, the user simply
picks components from a large library that comes with the soft-
ware. Each component performs a mathematical or geometrical
operation, taking data from the inputs on its left side, and out-
putting the results on the right side. Parametric relationships are
deﬁned by linking components with each other, thus creating an
increasingly complex directed, acyclic graph. Our software ex-
pands the capabilities of the visual programming environment
beyond parametric design by integrating a series of components
that allow the programming and simulation of robotic arms in
an environment that suits itself particularly well for such ap-
plications, as e. g. new tools can simply be plugged and un-
plugged, similar to the physical robot.
As a natively integrated component our software can therefore
be directly linked to the parametric design components that de-
ﬁne the local form of a global construction component, as il-
lustrated in ﬁgure 3. Therefore, when any changes are per-
formed to the parametric geometry, they propagate through the
graph and immediately eﬀect the fabrication strategy and the
robotic path planning. We refer to this process as production-
immanent design [7] as it allows the designer or engineer to
optimize structures in a very intuitive way as he is permanently
provided with fabrication feedback. At the same time, we can
use the strategy for mass customization, automatically writing
the robot control data ﬁles for all components deriving of the
same parametric model.
This process is especially useful for applications that are inher-
ently repetitive, such as complex multi-step assembly processes
that combine simple manipulation of objects with e. g. subtrac-
tive methods. Through the visual programming environment,
the fabrication-steps can be tested and evaluated individually,
and ﬁnally assembled into a single program - without incurring
a signiﬁcant overhead compared to common oﬀ-line program-
ming methods.
Fig. 3. Parametric arch structure consisting of 50 individual elements. The
fabrication strategy is deﬁned once and can then be applied to any number of
elements.
4. Adapting to Unstructured Environments
While new parametric programming strategies allow us to
fabricate self-similar building components with a minimum of
programming eﬀort per element, the challenges of working
within an unstructured environment remain. In the past, at-
tempts have been made to structure construction sites more
tightly, as e. g. in the Japanese drive towards construction
robotics in the 1980ies [8], which resulted in the ﬁnancial col-
lapse of several innovative companies. Thus, we prioritize the
adaption of the robot to the construction site, over the adaption
of the construction site to the robot. In order to accommodate
this adaption, we see the need for bringing parametric fabrica-
tion strategies from the oﬃce space directly to the construction
site: At the moment, the parametric robot control described in
Section 3 is done mostly oﬄine within the simulation environ-
ment. The resulting ﬁles are then sent to a fabricator (or in-
house fabrication shop) for manufacturing and then transported
to the construction site.
Instead, we want to integrate fabrication strategies directly into
advanced robot controllers such as the KUKA iiwa’s SunriseOS
so that the parameters that deﬁne the local object can be gath-
ered on-site, e. g. by manually guiding the robot along the out-
line of the building component. Furthermore integrating exter-
nal vision sensors allows us to create a reconstruct model of the
environment. We employ simultaneous localization and map-
ping techniques [9] for an approximation of the workspace and
use object reconstruction to model possible work pieces as il-
lustrated in Figure 4. By ﬁtting a parametric model to the object
the system is able to identify the corresponding manufacturing
strategy. Furthermore features of the reconstructed object can
be identiﬁed and used as reference points within the assembly
planning.
Fig. 4. Parametric robot programming within a sensor based environment
model.
5. Adapting to Assembly in Unstructured Environments
The process of joining, handling and position adjustment
are central assembly tasks. Parametric robot programming was
developed with geometric form in mind within the context of
parametric CAD. While this is important for individual assem-
bly parts, common assembly strategies consist of a sequence
of assembly operations and therefore require a more iterative
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procedural planning. Within skill based robot programming el-
ementary behaviors are deﬁned as a skill set, which is in turn
used for state transitions within the working environment. This
approach seems feasible for assembly tasks due to parallels in
structure of assembly plans and skill sequences. Using a pri-
ori knowledge from assembly planning can also lead to a more
complete model of the assembly process [10]. Pederson et. Al.
[2] described signiﬁcant success in planning robotic production
on a skill basis, speciﬁcally lowering time to production. By
using skills created by experts the programming eﬀort could
signiﬁcantly be reduced and untrained workers were enabled
to use robotics. The skill however were created by experts in
robotics, while considering a number of constraints. The skills
themselves were classiﬁed based on industrial standard operat-
ing procedures (SOP), and required a description which allowed
the handling of a variety of forms. This however hampers the
extension of the skill catalog. Furthermore skill based robot
programming requires a high amount of preplanning which can
also lead to planning errors, if the environmental conditions
change, as is often the case in dynamic and unstructured en-
vironments. Assembly operations focus on relative positions
between assembly parts. To deﬁne these position consistently
for variations of assembly parts, they also need to be deﬁned
relative to recognizable part features. Constraint based robot
programming allows for exactly that, by viewing the resulting
robot path as an optimization problem that can be determined
using feature based constraints, which makes it ideal for a sen-
sor based robot path planning. With the main disadvantage be-
ing, that solving optimization problems can take a considerable
calculation time in larger contexts. We therefore want to com-
bine the advantages of these approaches and overcome the dis-
advantages, in order to achieve intuitive means for robot pro-
gramming in unstructured environments for in-situ assembly at
construction sites.
Previously we described the advantages of learning by demon-
stration for intuitive teaching of simple tasks, which we there-
fore employ for the creation of assembly skill sets. These
skills are in turn generalized with human feedback for later
parametrization. The principles of parametric robot program-
ming are then employed for constraint deﬁnition. Sensor based
environment modeling and object detection allows us to deﬁne
these constraints as relative to features of real assembly parts.
Applying a solver for on-site optimization of only simple as-
sembly steps and not the overall assembly strategy reduces cal-
culation time signiﬁcantly. Based on assembly plans an overall
strategy can be created, this strategy however needs to be dy-
namically adapted to the current state of the environment. For
a more detailed explanation of the approach and a ﬁrst veriﬁ-
cation of the possibilities we will focus on a simpliﬁed look at
brick laying tasks. Excluding a number of constraints as well
as necessary application of mortar the process can be viewed as
a pick and place task.
6. Teaching Process and Analysis of Generalization
As illustrated in ﬁgure 1 the teaching process is straight-
forward. Before the teaching by demonstration process of an
assembly skill begins, a skill class is selected. These classes
are deﬁned in accordance with standardized assembly opera-
tions (As given by VDI 2860 and DIN 8593) allowing also the
deﬁnition of new custom classes. For the picking process the
Pick Operation class is selected. After this simple selection for
later assembly step planning the skill is taught and the motion
is recorded. The skill is then replayed and analyzed, changes in
direction or I/O control, i.e. gripper control, are detected. Us-
ing these points of interests in the path as well as sensor based
detection of environmental changes a number of possible pa-
rameters are suggested.
This Process generates a variety of possible generalization sce-
narios. Through user feedback speciﬁc parameters can be con-
straint or excluded, i.e. removing rotation around the Y- or X-
axis of the target positions for a speciﬁc skill. Within the con-
text of motion sequence required parameters and the likelihood
of each generalization scenario is determined.
A currently manual parametrization selection of skills leads to
an execution strategy. The parameters of each skill are dynam-
ically optimized on-site using a solver to ensure its execution
within a dynamically changing environment. The initial state
and the initial construction constraints are parametrized using
sensor feedback. Figure 5 illustrates a simple scenario of pa-
rameter ﬁtting on-site.
Fig. 5. On-site assembly ﬁtted to room layout avoiding collision with the envi-
ronment.
In application the process consists of the following sce-
narios: Selecting Skills, Parametric planning skill-constraints
on-site and Teaching of new skills. If a skill set already exists
the skill sequence or rather execution strategy is currently
set manually. Meaning that skills or actions, i.e. gripping an
object from a speciﬁc approach vector or similar, are associated
with speciﬁc positions. These positions are deﬁned within the
second scenario through constraints. Employing simultaneous
localization and mapping techniques a 3D occupancy map of
the environment is created. The occupancy map as well as a
more detailed approximation of the environment employing
a 3D reconstruction of last scanner point clouds are used to
allow for parametric programming on-site. The fabrication
logic associated with parametric programming allows for
a simpliﬁed deﬁnition of constraints based on parametric
assembly part geometry. The parameters of the model are ﬁtted
to reality using a comparison with the sensor information of the
part. Therefore the ﬁtting parametrization of the skill is chosen
for a speciﬁc part and further optimized during execution using
the constraint based solver.
The teaching of new skills is based on existing techniques.
Niekum et.Al. [11] uses a Hidden-Markov-Model to segment a
taught motion into a sequence of skills. We propose following a
similar approach when analyzing the time series of the motion
for possible generalization scenarios. Within a skill a number
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of smaller state changes can be observed. In case of a pick skill,
the robot is at the gripping position and the I/O signal for the
gripper is changed, the direction of the gripper is changed away
from the object and an object is removed from the workspace.
Based on the skill class most of these points of interest could
already be inferred, but are reaﬃrmed by path analysis. The
skill itself can be seen as a sequence of motion primitives. The
approach and retreat motion primitives towards these positions
are of special interest and ca be viewed as dependent parame-
ters. Accordingly the degrees of freedom for the approach and
retreat motion primitives can easily be deﬁned with regards to
the tool frame. These motions can therefore be deﬁned as a
set of approach and retreat angles, distances and speeds, or as
relative six degree of freedom Cartesian positions. Employing
a vision based reconstruction of the workspace, the points of
interest can be deﬁned relative to object features, either of the
moved object, or another workspace feature.Time dependent
periodic motion behavior can only be modeled through I/O
changes, which is common practice in industrial robotics. In
static environments the execution time is also static and can
easily be determined beforehand. In dynamic environments the
execution time can either be calculated after parametrization of
the task or to achieve static execution times distance and speed
need to be modeled as dependent variables, which only works
if the robot does not already work close to its maximum speed.
The teaching process is reduced to simple skill teaching by
demonstration. Constraints can be modiﬁed through human
gestures by making positions relative to object features. The
current concept plans for the gesture based deﬁnition of func-
tions starting with base function deﬁnition and adding gesture
based parameter selection for these base functions. Figure 6 (a)
illustrates a simple block stacking operation with human inter-
action based parametrization of constraints, i.e. size and course
oﬀ the wall, as well as the parametrized stacking pattern. The
corresponding assembly plan is shown in ﬁgure 6 (b).
Fig. 6. (a) Assembly planning with man-machine interaction; (b) The corre-
sponding assembly plan.
7. Synopsis
In this paper we described the advantages of diﬀerent pro-
gramming approaches for robot assembly path planning in un-
structured environments, i.e. construction sites. A possible
combination of methods was illustrated and a ﬁrst overview
was given in the form of a pick & place stacking operation of
building elements similar to brick laying. Figure 7 shows an
approach for manufacturing and assembly of Styrofoam build-
ing blocks. By building upon the interaction based procedure
of learning by demonstration and gesture based parametriza-
tion of simple functions we actively try to reduce the required
knowledge of robotics, which is a major obstacle in the ap-
plication of robotics in construction. By visualizing the prob-
lem in a CAD tool we reduce robot programming to parameter
based CAD modeling, while simultaneously allowing parame-
ter based modeling on site, using a sensor based environment
model as illustrated in Figure 4. We therefore actively want to
bridge the gab between theoretical modeling and practical real-
ization. While parametric robot control requires extensions to
work in unstructured environments. We demonstrated that this
can be achieved intuitively through a combination with other
existing approaches. While simultaneously ensure the existing
scalability and adaptability of the method as shown in ﬁgure 7.
In Future work we will focus on the extension of the approach in
the area of modeling force-torque based assembly procedures.
A demonstrative prototype is developed as part of the
Consortium for Intelligent Robotic Assistants (CIRA -
http://www.robotic-assistants.de/) to be presented within the
KUKA Innovation Award 2016 at the Hanover Fair.
Fig. 7. Small-scale prototyping of a combined milling-hotwirecutting-assembly
process (above), large-scale fabrication (below).
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